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Abstract '

Kinetics of the aminolysis of hydrogenated tal-
low by allylamine in methanol solution under
sodium methoxide catalysis was studied at sev-
eral temperatures (60 to 90C) and catalyst con-
centrations. Under the experimental conditions
the triglycerides were rapidly converted to the
mixed methyl esters, which slowly reacted with
the amine to produce the mixed amides. At con-
stant catalyst concentration, disappearance of tri-
glyceride was found to be first order in triglye-
eride and in amine. Because rate was found to
be directly proportional to catalyst concentration,
the experimental over-all rate was —d[Triglye-
-eride] /dt = ks [Triglyceride] [Amine] [RO-], and
ks was 2.022 kg2 mole? hrt. A mechanism pro-
posed by Bunnett and Davis for ester aminolysis
involving an ester-amine complex formed in a
rapid pre-transition-state equilibrium is consis-
tent with thermodynamic terms which reconcile
a large negative entropy of activation (—44.17
cal deg! equivalent) and relatively small en-
ergy of activation (11.60 kcal equivalent). Rel-
ative rate constants at 70C under sodium-meth-
oxide catalysis for the aminolysis of hydrogenated
tallow by a variety of structurally different pri-
mary amines agreed, in general, with those found
by others for the ethylene glycol-catalyzed reac-
tion of methyl acetate with the same amines at
25C. However, monoethanolamine reacted nine-
teen times faster than predicted, which suggested
a mechanism involving initial attaek by the alk-
oxy anion of the ethanolamine in the rate deter-
ing step, followed by rapid, base-catalyzed, acyl
acyl oxygen-to-nitrogen (O — N) migration. The
velocity constants-and thermodynamic constants
reported enable prediction of the time required
for specific yields under a variety of experimental
conditions.

Introduction

UMEROUS KINETIC INVESTIGATIONS have been made

to elucidate the mechanism of ester aminolysis
(1-10). These investigations have revealed the effect
of structure on reactivity (4), have demonstrated the
influence of solvents (3,4), including water (2,7-10)
on rate, and have shown that the reaction is subject
to both acid (2) and base catalysis (1,3, 5-10). Par-
ticularly noteworthy has been the strong accelerating
influence of alkoxide catalysis (1,3,5,6) in nonaqueous
systems. Acceleration of this normally slow reaction
by alkoxide catalysis has been used successfully in
preparative work (11) even with aromatic amines
(12) and was found to.be especially useful when
volatile amines were reacted with fatty esters at room
temperature (13). Alkoxide catalysis has been used
extensively by the fat industry, since first introduced
oy Meade in 1949 (14) to accelerate the conversion

of methyl esters and of triglyeerides to mono- and

diethanolamides in both batch (15-18) and contin-
wous processes (19,20).  Although these pagpicular
aminolyses are known to be fast, especiallyi g%,
temperatures (20), their speeific - velocity - cou®
have not been determined. In fact, no comprehen-
sive study of the rate of conversion of triglycerides
to amides in homogeneous solution under the influ-
ence of alkoxide catalysts has ever been made, al-

-though, under heterogeneous conditions and when ex-

cess amine was used, pure methyl stearate was rapidly -
converted, even at room temperature (13).

The purpose of this investigation was: (1) to de-
termine conditions suitable for preparing mixed N-
allylamides directly from hydrogenated tallow by a
study of the reaction kinetics in methanol solution
under sodium methoxide catalysis; (2) to relate rate
quantitatively to both temperature and catalyst con-
centration in order to permit approximate predic-
tions of rate over a variety of operating conditions;
(3) to compare rate coefficients for N-allylamine am-
inolysis with those found for a variety of other pri-
mary amines in order to extend the general utility
of the relationships determined for allylamine, and
(4) to add, within the limits imposed by the experi-
mental results, to the general knowledge concerning
the mechanism of ester aminolysis and the influence
of structure on rate. :

Allylamine was selected as the primary amine to
receive most attention in this investigation partly be-
cause of its intermediate position in a scale of pri-
mary amine reactivities toward both methyl acetate
(21) and methyl stearate (13) and partly because
of a Tecent observation (22,23) that pure N-allyl-
stearamide can be converted to hard high-melting
waxes by simple treatments with benzoyl peroxide
at 90C. The wax application was also the reason for
using fully hydrogenated tallow.. ..

Methanol was chosen as the solvent to permit the
use of sodium methoxide as catalyst and because both
methanol and glycerol accelerate ester aminolysis (3,
24). The rate of the reverse reaction is too slow to
seriously affect conversion to amide (5). It was ex-
pected that under the conditions selected, the diffi-
cultly soluble triglycerides would be rapidly converted
to soluble mixed methyl esters (25) before the slower
aminolysis reactions occurred. In confirmation, "in
this investigation the aminolyses of tallow and pure
methyl stearate had equal rates under the same ex-
perimental conditions. Thus the kinetic constants re-
ported here reflect the rate of attack on mixed methyl
esters by selected primary amines, although they are
reported in units of the respective triglycerides.

Procedure

Reactions were conducted in 25-ml flasks which
were charged with hydrogenated tallow (about 1.2
eq/kg), a slight excess of amine (1.18 moles per equiv-
alent of ester), freshly made 2 N sodium methoxide
solution (13), and dry methanol, and then sealed
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TABLE I

Second-Order Rate Constants and Reaction Concentrations for the
Aminolysis of Hydrogenated Tallow in Methanol
by Primary Amines

Concentration, eq/kg?

Expt, So. oo ks
XDt Amine >0 on
No. . Tallow Amine gll:tﬁl_ bexgp » kg mole-® hr-1b.t
oxide
%
1 Allylamine . 1.215 1.440 0.271 60 0.376 +2.01
2 Allylamine 1.215 1.440 0.271 70 0.514 *+5.73
3 Allylamine 1.154¢ 1.424 0.257 70 0.582¢ +4.79
4 ‘Allylamine 1.215¢ 1,424 0.271 70 0.519 =+3.15
5 Allylamine 1.231 1.231 0.271 70 0.544 +3.56
6 Allylamine 1.215 1.440 0.271 80 0.821 +=7.87
7 Allylamine 1.215 1,440 0.271 90 1.307 +9.58
8 Allylamine - 1.215 1.440 O 70 0.0085 =*+37.4
9 Allylamine 1.2156 1.440 0 70 0.05344 *9.16
10 Allylamine 1.217 1.443 0.122 70 0.229 *+10.4
11 Allylamine 1.218 1.438 0.425 70 0.908 =+3.49
12 Allylamine 1.211 1.435 0.605 70 1.120 +6.57
18 Allylamine 1.207 1.431 0.845 70 1.744 +6.73
14 Allylamine 1.202 1.425 1.202 70 3.149 =+8.08
15 Allylamine 1.213¢ 1.438 -0.271 70 0.168 +5.83
16 Monoethanolamine 1.215 1.440 0.271 70 19.905 +18.2
17- n-Butylamine 1.215. 1.440 0.271 70 1.018 +33.4
18 iso-Butylamine 1.215 1.440 0.271 70 0.450 +9.50
19 Benzylamine 1.215 1.440 0.271 70 0.454 #*11.1
20 sec-Butylamine 1.215 1.440 0.271 70 0.023 +28.6

21 tert-Butylamine 1.215 1.440 0.271 70 0.0019

a Methanol concentration, 16.877 mole/kg.

b Rate constants, kz apply to the triglycerides; in terms of ester fumc-
tion these become (kz2/3) kg eq~* hr-1.

* ¢ Hydrogenated soybean oil used in Experiment 3; both Experiments
3 and 4 carried to >909% disappearance of ester equivalents.

4 In benzene. . .

e Pure methyl stearaté was substituted for tallow.

f The slope and intercept of the plot of 1n [amine]/[ester] versus
time, hr, were determined by the method of least squares. Error in %
was determined from the variance at 95% confidence limits. Average
error at the intercept for the allylamine experiments was *5.60%.

temperatures were between 70 and 90C to insure ho-
mogeneous conditions while avoiding high pressure.
The flasks were withdrawn at predetermined inter-
vals and chilled to stop the reaction. After hydrol-
ysis to destroy soap and catalyst, the crude reaction
product was isolated from a benzene solution by evap-
oration. To determine ester remaining, aliquots of
the crude product were saponified by refluxing with
2 N alcoholic potassium hydroxide for 1 hr. Hydrol-
ysis of N-allylstearamide was found to be negligibly
slow under these conditions, like that of other simple
amides (26).
Second-order rate constants were determined for
éach experiment using the relationship (27):
In B/A=k(B,—A,)t+1In B,/A, [1]

where A and B were the initial concentrations, in-

equivalents per kilogram, of tallow ester and amine,
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T16. 1. Plot of per cent eonversion vs. time for the aminoly-
sis of tallow by allylamine in methanol at various temperatures,
catalyzed by 0.223 eq. of sodium methoxide per ester equivalent.

TABLE II
Representative Rate Determination in Methanol at 70C*

; (2-x) (b-x) .
Time, hr eq/kg eq/kg kg mole-1 hr-1
0 1.215 1.440
0.5 1.034 1.260 0.718
1.0 0.922 1,147 0.648
2.0 0.757 0.982 0.603
3.0 0.650 0.875 0.570
5.0 0.499 0.725 0.539
7.0 0.404 0.629 0.521
8.0 0.359 0.585 0.527
9.0 0.323 0.548 0.532
10.0 0.290 0.515 0.540
14.0 0.211 0.436 0.530
18.0 0.167 0.392 0.507
24.0 0.108 0.333 0.531

Average  0.564°

2 Sodium methoxide concentration = 0.271 eq/kg. This is experiment
4 of Table I.

respectively, and A and B were their concentrations
at time t. A plot of In B/A as a function of time
yielded k (B, —A,) as the slope and In B,/A as

the intercept. From the slope, the constant k; (kg.
eq.”! hr') was evaluated and converted to units of
moles of triglycerides (kg. mole! hr.') by multipli-
cation by 3.

Slope and intercept were evaluated by the least
squares procedure and per cent error was determined
from 95% confidence limits after an analysis of vari-
ance. - The ester remaining, A, at any time, t, was’
calculated from ester values. '

Ezxperimental Results. The velocity constants de-
termined in this investigation are listed together with
experiment numbers in Table I. Typical per cent
conversions vs time curves and second-order function
vs time curves are shown in Figures 1 and 2, re-
spectively (Experiments 1,2,6,7). Approximate obe-
dience to second-order kinetics was characteristies of
all. of the experiments listed in Table I even when
individual experiments were carried to greater than
90% conversion. This is illustrated in Figure 8 which
compares the results found for hydrogenated tallow
(Experiment 4) and hydrogenated soybean oil (Ex-
periment 3) toward allylamine. Since in both lines
data points on the right side are in an experimentally
insensitive region, it is not eertain whether the dif-
ferences in slope and rate constant are significant.
When values of ke were calculated for each point of
an experiment, some drift occurred, as shown in Ta-
ble II for a typical experiment. The significance of
this will be discussed in a later section.

Rate dependence on catalyst concentration is il-

" lustrated in Figure 4, where graphs of In B/A vs

time are compared at various catalyst levels. A plot
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Fi¢. 2. Second-order plots of the aminolysis of hydrogenated
tallow by allylamine in methanol, catalyzed by sodium methox-
ide, at various temperatures.
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Fi1g. 3. Second-order plots of the aminolysis of hydrogenated
tallow and soybean oil by allylamine at 70C to greater than 90%
conversion.

of the second-order rate constants derived from these
curves (Experiments 1,10-14) as a function of cat-
alyst concentration, shown in Figure 5, established
that rate was directly proportional to the concentra-
tion of sodium methoxide, as had been previously
.reported for the reaction of ethyl formate with n-
butylamine (6). Therefore the reaction rate was
found to be third-order overall, first order in ester;
amine, and sodium methoxide respectively, as

—d[Triglyceride] /dt = ks [ Triglyceride]
[Amine] [Sodium Methoxide] [2]

Thus, k; is the experimental third-order constant and
has the numerical value 2.022 kgZ mol-2 hr!. Since
the intercept of the plot in Figure 5 shows the pos-
sibility of a small residual second-order rate for the
uncatalyzed reaction, the value of this intercept was
determined as a separate experiment -(Experiment 8).

Mechanism and Thermodynamics

Of several mechanisms proposed for the aminoly-
sis of esters (1,5-7), the most plausible, especially
as it applies to this work is the proposal of Bunnett
and Davis (6) for the aminolysis of ethyl formate
by n-butylamine in-anhydrous solvents. Their mech-
anism, Equations 3 and 4, calls for an equilibrium
between ester and amine rapidly established in a
series of steps; reaction of complex I or II with a
base B; and finally slow formation of a transition
state and loss of aleohol to produce amide:

»—0.000 eq.
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Fi6. 4. Effect of sodium methoxide concentration on the ami-
nolysis of hydrogenated tallow at 70C. Sodium methoxide varied
from 0 to 1.0 eq. per equivalent of ester.

3.0 .

25 -

kp (kg-mole™' ")

Slope = 2.022 Ko mole? hr''
Intercept =0.0085 kg. mole™ hr'

(o] S I 1 1 o 1 | 1 1

o} 0.2 04 06 0.8 1.0 12 1.4 1.6 18
[cat] mote/kg.

F1a. 5. Plot of rate constant k. vs. eatalyst concentration.
Evaluation of the third-order rate constant.
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The disappearance of ester was given by Bunnett and
Davis as
Rate = —d [Ester]/dt = kgo- [Ester] [Amine]
[RO] +kRN32 [Bster] [Amine]?
, (5]
The first term was thought to dominate in the pres-

ence of alkoxide catalysis, which was, of course, used
in the present investigation.
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TABLE III

Thermodynamic Constants for the Aminolysis of
Hydrogenated Tallow by Allylamine

Constant . Value
AH + E. 11.60 kcal eq?
log sK., [RO-] 3.649
RInK, + AS* —44.17 cal deg-1 eq-1 at 70C

Properly speaking, energy and entropy of activa-
tion are properties of the transition state. However,
equilibria preceding the transition state will contrib-
ute to the numerical values of the thermodynamic
constants as normally calculated, and it would be
more correct in such cases to report the functions in
a form that recognizes the equilibria. Appropriate
expressions of the functions are developed in the
following paragraphs, in which, unless specified, sym-
bols have their conventional significance. ~
 If K is the overall constant for the equilibria lead-
ing to II, and k. is the rate constant for the reac-
tion of alkoxide RO~ with a complex consisting of
ester E and amine RNH,, then »

Rate = —d[E]/dt = Kk.([E] [RNH,]) [RO"] |
. [6

In accordance with this scheme, the second-order
rate constants of Table I are actually pseudo second-
order and are equal to the product Kk, [RO-]. The
quantity Kk, is the slope of the plot given in Figure
5 and is the same as the experimental .third-order
constant previously mentioned, with the numerical
value 2.022 kg? mole2 hrl, for the triglycerides.

Consideration of K as a function of temperature

leads to .
: d InK/dT = AH/RT? [8a]
KA= K, exp (—AH/RT) [8b]

Likewise the relation of k. to temperature may be
expressed (28) by the Eyring equation 9, in which
E, is the activation energy for formation of the tran-
sition state from the complex.

or

e kT o AS*/R o "Ec/RT

[9]

ke = h
RT AS* /R
But, since s = eT € [10]
multiplication of (9) by (8) ‘ .
and substitution of (10) give Kk = sKae'(AH + E¢)/RT [11]
-(MH + E) 1
tog M = soam " T 108 oKe [12]
-(oH + Eg) .
- it Re) [18
log ky = Tog Kkg[RO"] TR R ! .1 [13]

It follows that a plot of log ks as a funection of 1/T
should be linear with a slope —(AH + E.)/2.303R
and an intercept log sK [RO-], in which s is the
frequency factor of the Arrhenius Equation (28).
Such a plot at 60, 70, 80, and 90C, based on Experi-
ments 1,2,6,7, is shown in Figure 6. The numerical
values of (AH + E.) and log sK [RO-] were deter-
mined by the method of least squares. The 60C ex-
periment was not used in the calculation.

To develop an entropy term recognizing the equi-
librium, Equation 10 may be multiplied by K giving

[4]

TABLE IV

Calculated Reaction Times Required to Convert Hydrogenated Tallow
to Mixed Allylamides at Different Temperatures
and Amine-Ester Rations2

Variaion of temperature® Variation of amine/ester ratiod

Reaction ke 4 Time, hr, Amine/ Time, hr, Time, hr,
temp °C (kg n}«zl)e 90% Conv. Ester 509% Conv. 90% Conv.
60 0.309 37.9 1.18 3.77 22.8
70 0.514 22.8 1.5 2.76 13.3
80 0.832 14.1 2.0 1.95 7.2
90 1.276 9.2 3.0 1.23 4.7
100 2.021 5.8 4.0. 0.89 3.3
125 5.430 2.2 6.0 0.58 2.1
150 13.032 0.90 8.0 0.33 1.5 °
175 28.447 0.41
200 57.339 0.20

2 In methanol. Ester concentration 1.215 eq/kg; sodium methoxide,
0.223 eq per ester equivalent.
b At amine/ester ratio of 1.18.

¢ Calculated using absolute rate expression: of Eyring and Ec and AS*
of dT::)l?[ OJ(I)II.

e(kT/h)K, exp (AS*/R) =sK, [14]
(RInK, + AS*) =R(In sK, —In kT/h —1)
[15]

To calculate the thermodynamic constants, the ex-
perimental third-order constant (Kk.) of 2.022 kg2
mole~ hr! was converted to units of equivalents and
seconds, becoming 2.022/3(3600) kg2 eq~2 secl. Using
equations 13 and 15, overall activation energy, the -
frequency-factor intercept, and the entropy term were
evaluated as in Table III.

The low value of 11.6 keal found for the activation
term above indicates a much higher rate than was
actually observed provided that the contribution of
AH is small. The magnitude of the abnormal neg-
ative entropy term —44.1 cal deg ! eq-1, which greatly
exceeds the value of —5 to —8 keal deg! eq! usually
associated with crowding in the transition state, sug-
gests that pre-transition-state equilibria do occur in
aminolysis. Because of the impossibility of separat-
ing the terms for equilibrium and rate, no definitive
mechanistic conclusion can be reached, however; It
is pertinent that the value of R In K_+ AS.* for

the uncatalyzed reaction, namely —55.05 cal deg!
eql, is similar to the value of —64 to —67 cal deg!
eq! found by Day and eo-workers (29) for the am-
monolysis of various methyl esters. .

The mechanism discussed in this paper is probably
an over-simplification, as has been discussed by Bun-
nett and Davis (6) and Watanabe and DeFonso (5).
The slight drifts found in the constants for individ-
ual points (Table II), which are similar to drifts
found by others (1,5-7,9,24), suggest that a somie-
what more complex situation prevails and that the
over-all mechanism might well be a summation of -
several contributing mechanisms (6). In this work,
the best, though not perfect, fit of the data was found
by trial to be to the experimental second-order re-
lationship of equation [1].

or

calcﬁlation of Rate Under Various Conditions

In prineciple second-order rate constants may be
computed for any temperature using the values of
(AH + E.) and log sK,[RO"] given in Table III,

Use of the thermodynamic data thus permits the esti-
mation of rate constants at any temperature (up to
decomposition) and, therefore, the time required to
reach a chosen conversion at that temperature. Table
IV lists data computed for several temperatures. Of
course, such extrapolated results are only approxi-
mate, because of the error involved in the determina-
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tion of activation energy and because the reverse
reaction will probably become appreciable at high
temperatures. .

In a similar way, from the rate constants listed
in Table I, the times necessary to reach a desired
conversion at increasing amine-to-ester ratios might
be estimated by use of an expression of the type
below. Thus for a 90% conversion to amide
toos, = [ln(B/A)QO% —In Bo/Ao] -:—k2(Bo - Ao)/3

' [16]
In this expression (B, —A,) may be varied and
has the units assigned earlier. Reaction times cal-
culated for 50 and 90% conversion are also listed
in Table IV. To check the range of validity of such
extrapolations, a series of experiments, at constant
ester and sodium methoxide concentrations and in-
creasing amine concentrations were run for the cal-
culated half-times listed. As can be seen .in Figure
7, beyond an amine/ester ratio of 2, the experimental
conversions fell well below the calculated curve. Al-
though qualitatively rates were higher at increas-
ing amine/ester ratios, a quantitative proportionality
failed as methanol experimentally was progressively
replaced by amine. Thus rapid conversion of tri-
glycerides to amide appears to be aided by a large
initial ratio of methanol to ester. The decrease in
methanol concentration resulting from increase in
amine may either have altered relevant activity co-
efficients or it may have slowed the preliminary con-
version of glycerides to methyl esters. C

The effect of the use of two different solvents on
rate in the absence of added catalyst was studied
in the aminolysis of tallow by allylamine at 70C in
solution in methanol (Experiment 8) and benzene
(Experiment 9). It is assumed that, in the methanol
experiment, transesterification precedes aminolysis.
The 6.2-fold increase in rate of aminolysis in the

benzene experiment is not well understood. Possibly,

glycerine is a more effective leaving group than meth-
anol.. However, solvation effects and competition by
methanol could also eontribute to the difference.

Relative Rates of Aminolysis

- -Second-order rate constants for the aminolysis of
hydrogenated tallow by -a series of primary amines
are listed in Table I. Plots of In B/A vs time, shown

in Figure 8, illustrate the large effects on rate caused.

by structural features of different amines. Such sen-
sitivity to structure indicates again that steric effects
contribute to the entropy term, RInK, + AS.* of
Table III. Bulky amines are thought to crowd the
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. F1e. 8. Comparative aminolysis of hydrogenated tall,.ov&'by
several primary amines. )
transition state (21), and may also adversely displace
a pretransition-state equilibrium. The relative rate
constants found in this study at 70C were compared
with relative constants determined by Day and co-
workers (21) at 25C for the aminolysis of methyl
acetate by the same amines in dioxane, catalyzed by
ethylene glycol. Values reported in Table V for the
isomeric butylamines are in- good agreement. The
moderate differences in passing to allylamine and
benzylamine can be explained by assuming small dif-
ferences in either energy or entropy of activation
(or in both) for these systems. The large difference
in-the value found for monoethanolamine, however,
suggests’ that, under .sodium methoxide catalysis, a
change in.mechanism. occurs. » .
‘The acyl moiety of ethanolamidés is known to un-
dergo rapid migration from the nitrogen atom to tle
oxygen atom under strong acid eatalysis and, :from
the oxygen atom to nitrogen under: basic catalysis
(80-32). These shifts, known; respectively, as
(N— 0) and (O— N) migrations, depend on the
pH of the system. In this work it is believed that a
rate-determining attack on ester by the.alcohol por-
tion of the amine, under the transesterification con-
ditions prevailing, is followed by rapid rearrange-
ment under- basic catalysis as shown:

SLOW C(I) -0R". -
RCOOR' + HoNCHCHpO™ === R-c-ﬂoa' R
s
Chy— CHy

TRANSITION STATE

0 FAST OH
i | B ;
R—C —> R—-C ——> R=C _ + HB

uz': \? , u:c/ \<: HN/ \v?
ACHZ— Clip . Chp— c“z )
. .

T xg-ﬁucuzcuz'ou + B [17]

The rate enhancement observed is a reflection of
the marked rapidity of transesterification under alk-
oxide catalysis (25). Additional enhancement can be
expected because ethanolamine has been found to be
twice as acidic as methanol in isopropyl alcohol .so-
lution (33). The value found for the velocity con-
stant using diethanolamine (only approximate be-
cause of experimental difficulties) was about one-half
the value found using monoethanolamine. Steric and
nueleophilic factors, the former very pronounced with



